The mass accumulation rate record of the major sedimentary components at Ocean Drilling Program Site 887 permits a reconstruction of the paleoceanography and paleoclimatology of the Gulf of Alaska region during the last 18 m.y. Opal fluxes, presumed to reflect sea-surface biological productivity, increase slowly from about 12-6 Ma, are high from 6-2.6 Ma, and peak again in the Quaternary. The 6-2.6 Ma flux maximum is coincident with a time of globally enhanced biological productivity. The Quaternary opal flux maximum at 0.8-0.2 Ma is not seen elsewhere in the North Pacific and probably reflects an intensification of the upwelling associated with the Alaska Gyre. Fluxes of terrigenous sediment permit estimation of the timing of the uplift of the coast ranges of Alaska, the latest Miocene initiation of glaciation there, and when those glaciers reached sea level. These events are linked with the onset of deep-sea fan formation. The highest rates of terrigenous sediment input occurred during the Pliocene-Pleistocene, when the flux of both coarse (>63 mm) and fine terrigenous grains respond to glaciations in the Gulf of Alaska region.
INTRODUCTION
Site 887 (54°21.9'N, 148°26.8'W, 3633 m) anchors the eastern end of the North Pacific transect drilled by Ocean Drilling Program (ODP) Leg 145 ( Fig. 1 ). This site is located on the eastern end of the platform level of the Patton-Murray Seamount group (Fig. 2) . Many seamount groups consist of multiple peaks atop a common base or platform which may stand as much as 1 km above the original sea floor. The strategy of drilling the seamount platforms in the Gulf of Alaska was developed at the Seattle INPAC Workshop as a means of avoiding the thick turbidite deposits that blanket the deep-sea floor in the northeast Pacific and recovering a more nearly pure pelagic and hemipelagic record. The workshop report (INPAC, 1985) proposed that ODP take advantage of these "pelagic windows" to recover appropriate sedimentary sections in search of paleoceanographic and paleoclimatic information.
Among the several paleoceanographic and paleoclimatic objectives at Site 887 was the determination of the fluxes of the major sediment components (i.e., opaline silica, calcium carbonate, and terrigenous sediment) to the Gulf of Alaska. We presume that the silica flux data provide a record of the general biological productivity of the Alaska Gyre region, and that the terrigenous flux data reflect some combination of mountain uplift and climate change in southern and southeastern Alaska. Terrigenous sediments at Site 887 are a combination of eolian dust, hemipelagic silts and clays, and ice-rafted debris (IRD). The presence of IRD is judged on the basis of its larger size, generally coarser than some arbitrary diameter; we use 63 mm in this paper. Site 887 was specifically chosen to lie shallower than the turbidite abyssal plains of the Gulf of Alaska and no turbidite layers were found in the cores. It has been shown elsewhere that the mass accumulation rate history of hemipelagic and turbidite sediments in the same basin have the same temporal pattern , 'Rea, D.K., Basov, I.A., Scholl, D.W., and Allan, J.F. (Eds.), 1995. Proc. ODP, Sci. Results, 145: College Station, TX (Ocean Drilling Program) . department of Geological Sciences, University of Michigan, Ann Arbor, MI 48109-1063, U.S. A. 1993) . A small portion of the terrigenous grains will consist of eolian dust transported in the westerly winds from Asia. The mass accumulation rates of dust are generally much lower than those of hemipelagic muds , so dust is presumed to be a minor component at Site 887, which is dominated by the hemipelagic (fluvial) runoff from southern Alaska.
Sediments and Analyses
Although minor amounts of carbonate do occur in the section, the sediments at Site 887 are essentially a two-component mix of siliceous ooze and terrigenous silts and clays. In the upper 90 m, sediments are about 35%-50% biogenic silica; this value increases rapidly downcore at about 110 m below sea floor (mbsf) to values of 80%-90% siliceous ooze in the older materials (Fig. 3) . Calcite is an important component of the sediment in two intervals: 95-112 and 200-260 mbsf (Fig. 3) . The site bottomed at 280 mbsf in the basalt of the Patton-Murray Seamount platform.
We sampled Site 887 at regular depth intervals, commonly every three meters. The resulting 73 samples were returned to the laboratory where they were freeze dried and subjected to a mineral extraction procedure that isolates the terrigenous component. This procedure is described by Rea and Janecek (1981) , with modifications suggested by Clemens and Prell (1990) and by Hovan (1995) . The sequential extraction procedure removes carbonates with acetic acid, opal with NaOH, and oxides and hydroxides with a strong reducing agent. Zeolites are removed by this procedure but volcanic ash survives. We avoided sampling ash layers, but minor amounts of diffuse ash may be present in some of our samples. The NaOH treatment, necessary for opal removal in these silica-rich sediments, is more harsh than the Na 2 CO 3 treatment we use in low-silica sediments, and it may remove submicron, neoformational smectites along with the opal. We have no indication that the well-crystallized clay minerals coming from the continent are affected by the extraction procedure. The results of the extraction process yield the weight percent of terrigenous materials in each sample (Fig. 4) . Based on duplicate extractions, these values are accurate to ±5%. The coarse component, as determined by screening at 63 mm, is tabulated separately but included in the totals for mass-flux calculations. We then determine opal percentages by difference, allowing for the amount of calcium carbonate reported in parts of the section determined by interpolation between shipboard measurements (Rea, Basov, Janecek, Palmer-Julson, et al., 1993) .
Age control for this work is taken from the magnetic reversal stratigraphy determined on board the JOIDES Resolution, a stratigraphy that is both complete and continuous throughout the length of the core (Rea, Basov, Janecek, Palmer-Julson, et al., 1993) . From this stratigraphy and the magnetic reversal time scale of Cande and Kent (1992) we constructed both age-depth and linear sedimentation rate relations (Fig. 5) . The linear sedimentation rates are very high for the past 0.75 m.y. (about 6 cm/k.y.), decline to 1.3 cm/k.y. at about 2.0 Ma, and then stay generally at 2-3 cm/ky down to 6.0 Ma. Sediments older than 6.0 Ma were deposited at normal pelagic rates of rates of 0.5 to 1.5 cm/k.y.
To quantify sediment flux, it is necessary to determine the mass accumulation rate of each sedimentary component.The mass accumulation rate (MAR) is the product of the linear sedimentation rate (LSR) and the dry bulk density (DBD) of the sediment such that
For each sedimentary component MAR is determined by
The DBD values can be taken from the shipboard physical properties data (Rea, Basov, Janecek, Palmer-Julson, et al., 1993) or determined by water loss from the samples upon freeze drying. All data are shown in Table 1 .
Sedimentation Record in the Gulf of Alaska
Opal Documentation of the silica shift, the Miocene enhancement of silica deposition in the North Pacific, was a major paleoceanographic objective for Leg 145. Silica fluxes are taken to be a function of the biological productivity supported by diffuse upwelling, as deep ocean waters reach the end of their circuit in the North Pacific. Site 887 is located along the northeastern margin of the modern upwelling regime associated with the center of the Alaska Gyre (Dodimead et al., 1963) and serves as a monitor of that upwelling.
Biogenic silica fluxes in the Gulf of Alaska are generally very high (Fig.6 ). The lowest Site 887 values of 200 to 250 mg/(cm 2 k.y.) that pertain from 18 to 12.5 Ma are twice those of the modern equatorial Pacific high-productivity zone (Rea et al., 1991) . Opal MAR values double to about 500 mg/(cm 2 k.y.) beginning at 12.5 Ma and persist through most of the late Miocene. The first major change is a two-to threefold increase in silica fluxes that occurs at 6 Ma. Flux values remain high, in the 1000 to 1500 mg/(cm 2 k.y.) range, until about 2.6 Ma, with an intervening low centered at 3.3 Ma. These times of high silica flux (Fig. 6 ) match in time those found throughout the North Pacific transect and denotes the latest Miocene to early late Pliocene productivity maximum. This is the expression in the Gulf of Alaska of the "Diatom Dump" seen at Detroit Seamount Sites 882, 883 and 884 (Rea, Basov, Janecek, Palmer-Julson, et al., 1993) , and in the central North Pacific at Sites 885/886 (Snoeckx et al., this volume) .
Following the Diatom Dump interval, there is a 0.7-m.y.-long period of decreased opal deposition which continued until about 1.8 Ma. The last 1 m.y. in the Gulf of Alaska are characterized by a pulse of very high opal deposition (Fig. 7) that reaches values in excess 2500 mg/(cm 2 k.y.). No equivalent flux episode occurs in the northwest Pacific Pleistocene sediments, so the 0.5-m.y.-long high-productivity episode between about 0.8 and 0.2 Ma may be unique to the Alaska Gyre region.
Calcium carbonate
The flux of CaCO 3 is an intermittent signal at Site 887 (Fig. 8) . Two flux maxima of 300-400 mg/(cm 2 k.y.) occur in the middle Miocene and a third of similar magnitude corresponds to the early part of the late Miocene, about 9.0-7.5 Ma. The largest flux peak occurs in the mid-Pliocene, between about 3.6 and 2.8 Ma, and reaches val- Kulm, von Huene et al., 1973) and 183 (4708 m; Creager, Scholl et al., 1973) are essentially devoid of CaCO 3 .
Terrigenous sediment
Throughout the middle Miocene, the MAR of terrigenous materials at Site 887 ( During late Pliocene and Pleistocene time, the flux of terrigenous sediment to the Gulf of Alaska increases in three steps to very high input rates (Fig. 10A) . Each of these three relative maxima are associated with an increase in the flux of coarser IRD (Fig. 10) . Between 2.8 and 2.6 Ma, fluxes increased to about 700-800 mg/(cm 2 k.y.). A second increase begins 1.8 Ma with a peak at 1.5 Ma, and beginning about 1.1 Ma fluxes increased to values of over 2000 mg/(cm 2 k.y.), and have remained at 1500 to 2500 mg/(cm 2 k.y.) to the top of the core. These high late Pliocene and Pleistocene terrigenous flux values correspond in time to the input of significant amounts of IRD ( Fig. 10A ; Krissek, this volume). 
PALEOCEANOGRAPHY AND PALEOCLIMATOLOGY OF THE GULF OF ALASKA REGION North Pacific Paleoceanography
Opal accumulation rates in the region of the Alaska Gyre increased twice during the Neogene, once starting about 12.5 Ma when MAR values double, and again during the 6.0-to 2.6-Ma period of the late Neogene productivity maxima informally called the Diatom Dump. Each of these presumed productivity enhancements requires an increased supply of nutrients to the photic zone of the northeastern Pacific.
A straightforward interpretation of this regional flux pattern would be to call upon proposed changes in global ocean deep-water circulation. During the Neogene, as the deep-water circulation becomes more like the modern, with important sources in the North Atlantic and in the Weddell Sea, the North Pacific terminus of the deep circulation path would receive an increasing supply of advected nutrients. The upwelling of these nutrient-rich waters, whether "diffuse" or concentrated in the Alaska Gyre region, would then support the Neogene productivity patterns observed. Enhancements in this deep circulation pattern, taken to reflect an increase in Northern (Atlantic) Component Water have been suggested for about 12 Ma (Woodruff and Savin, 1989; Wright et al., 1992) ; further enhancement may have resulted in a near-modern deep-ocean circulation pattern by 7 Ma (Wright et al., 1991) . The onset of Northern Hemi sphere glaciation at 2.6 Ma resulted in a suppression of North Atlantic DeepWater formation (Sikes et al., 1991; Raymo et al., 1992) , which would sharply reduce the advection of deep-water nutrients to the North Pacific. The timing of these several events matches very well the opal MAR increase at about 12 Ma and the onset and cessation of the Diatom Dump. Unfortunately, there is a problem with this seemingly satisfactory explanation. The latest Miocene to early late Pliocene productivity maxima appears to be a global phenomenon, and so may not be amenable to a regional or even hemispherical explanation. The results of ODP Leg 138 in the eastern equatorial Pacific (Mayer, Pisias, et al., 1992) , Leg 130 in the western equatorial Pacific (Kroenke, Berger, et al., 1990) et al., 1988; Peterson et al., 1992) , and DSDP Leg 74 in the South Atlantic (Moore, Rabinowitz, et al., 1984) all show enhanced MARs of biogenic sediment during this same time interval. This information indicates that there was a worldwide increase in the amount of nutrients coming into the ocean, rather than a redistribution of nutrients within the ocean reservoir. Moore (1993) has suggested that this was caused by a eustatic sea-level rise, with the flooded continental shelves exporting nutrients to the deep sea. Any explanation must account for both the onset of this global productivity maximum at 7-6 Ma, and its cessation about 2.6-3 Ma. Amplitude of the oxygen-isotope record of global change. This plot is a three-point smoothing of the width of an envelope, determined every 50 ka, defined by successive maxima and minima of a δ 18 θ curve from benthic foraminifera. Original data are from Tiedemann (pers. comm., 1992) for ODP Site 677 in the eastern equatorial Pacific. Note the general correspondence between terrigenous fluxes (A), and the increase in the amplitude of glaciation (B).
The Quaternary opal flux maximum seen at Site 887 is not evident in the other Leg 145 drill sites (Rea, Basov, Janecek, Palmer-Julson, et al., 1993; Haug et al., this volume; Snoeckx et al., this volume) . As such, a local to regional explanation may be more appropriate for this young flux maxima. Perhaps there has been increased upwelling associated with the Alaska Gyre that began about 1.8 Ma and intensified at 0.9-0.7 Ma.
Calcite flux peaks record a deepening of the calcite compensation depth, either because of an increased rate of carbonate productivity or a reduced rate of dissolution at depth. The youngest and largest peak corresponds in time to the mid-Pliocene warm interval and so may reflect warmer sea-surface temperatures in the Gulf of Alaska and a corresponding shift to a more calcareous plankton assemblage.
Alaskan Paleoclimatology
The history of terrigenous sedimentation in the Gulf of Alaska has been a topic of marine geological research for more than 40 yr (Menard, 1953 (Menard, , 1955 (Menard, , 1964 Hays, 1970) . DSDP Leg 18 drilling in 1971 resulted in the first reasonable estimate of the timing of various Cenozoic sedimentary events (Kulm, von Huene, et al., 1973) . More recently, Stevenson and Embley (1987), von Huene (1989) , and Lagoe et al. (1993) have published useful papers that concern the history of terrigenous deposition in the Gulf of Alaska. Sediments of the northeast Pacific are dominated by turbidites that form a series of abyssal plains and deep-sea fans (Fig. 11) . The history of the three large deepsea fans, Zodiac, Surveyor, and Baranoff, is not yet fully understood; the record from Site 887 should bear upon the two younger fans, Surveyor and Baranoff, but not upon the more problematic history of the older Zodiac Fan (Stevenson and Embley, 1987; von Huene, 1989) . Finally, throughout the time represented by the sedimentary record of Site 887, the Pacific Plate in the Gulf of Alaska has been moving northwest and converging with the Aleutian Trench at a rate of 40 to 50 km/m.y. (Rea and Duncan, 1986) . About 800 km of convergence have occurred during the 18-m.y.-long record at Site 887, but because of the regional plate geometry, the distance from the shore of southeastern Alaska and British Columbia has not changed very much.
The sediment accumulation record at Site 887 began with 8 m.y. of deposition during the latest early Miocene and entire middle Miocene, characterized by relatively low fluxes of terrigenous sediment. The first increase in terrigenous fluxes occurred in the early portion of the late Miocene, between 9.87 and 9.47 Ma. This event was first resolved by the scientists of DSDP Leg 18 who recognized the initial turbidite deposition in the Gulf of Alaska then (Kulm, von Huene, et al., 1973) and associated that event with the uplift of the Coast Ranges in Alaska (see also Lagoe et al., 1993) . The beginning of the construction of the Surveyor Fan, which now occupies the northern Gulf of Alaska, was associated with this tectonic and depositional event (Stevenson and Embley, 1987; von Huene, 1989 ), which we can now date as occurring about 9.7 Ma.
At the close of the Miocene, between 5.91 and 5.50 Ma, the MAR of terrigenous material in the Gulf of Alaska doubled (Fig. 9 ). This event occurred at the same general time as the earliest indications of cooling in the North Pacific region, such as the presence of glacioneritic diatoms at DSDP Site 183 and the likely initiation of alpine glaciation in southeastern Alaska (Lagoe et al., 1993) . Deposition in the Baranoff Fan, with its sediment sources in British Columbia and Southeast Alaska, probably began at this time (Stevenson and Embley, 1987; von Huene, 1989) .
A further increase in terrigenous fluxes, from <200 to >300 mg/ (cm 2 k.y.), occurred between 4.36 and 4.26 Ma (Fig. 9) , just prior to the time of deposition of the early Pliocene dropstones recovered in two of the holes at Site 887. This increase and the associated dropstones may be directly comparable with onshore events in the Alaskan coast ranges. The magnetic reversal stratigraphy of the Alaskan glaciomarine Yakataga Formation presented by Lagoe et al. (1993) can be reinterpreted to match the new reversal time scale of Cande and Kent (1992) , in particular the three reversed polarity intervals in the lower Yakataga Formation (Lagoe et al., 1993, fig. 4 ) with the similar three intervals in Chron 3n between 4.13 and 4.81 Ma shown by Cande and Kent (1992, fig. 29 ). The Berggren et al. (1985) time scale used by Lagoe et al. (1993) shows only two reversed intervals within Chron 3n. Such a reinterpretation gives a date of the lowest ice-rafted material in the Yakataga Formation of 4.20-4.27 Ma, the same age as the first occurrence of IRD at Site 887. Using this correlation, we interpret the increased flux of terrigenous material to Site 887 beginning about 4.3 Ma as recording enhanced glaciation in the Gulf of Alaska region, including some alpine glaciers that reached sea level.
Among the important objectives for Site 887 was to determine the glacial history of Alaska as interpreted by both the IRD record (Krissek, this volume) and the record of overall terrigenous deposition given above. The terrigenous flux signal shows an increase in the input of elastics to the ocean beginning at 2.8 Ma and peaking at 2.6 Ma, the "accepted" time for the onset of Northern Hemisphere glaciation. The MAR of the coarse fraction (IRD) increases at 2.6 Ma ( Fig. 10A ; Krissek, this volume). A relative maxima of terrigenous fluxes is centered at about 1.5 Ma, ending with a low at 1.1 Ma. The last 0.9 m.y. have been characterized by the greatest terrigenous fluxes, peaking at about 0.6 and 0.25 Ma (Fig. 10) . The IRD flux maxima are associated with the overall flux maxima.
Physical erosion of the mountainous regions of Alaska and western Canada may be related to the magnitude and duration of the many glacial advances and retreats. As an indication of the relative magnitude of the individual glacial advances, we have determined the amplitude of the benthic δ 18 θ variations over the past 3 m.y. (Fig. 10B) . Comparison of the two records, terrigenous fluxes and amplitude of glacial cycles, shows both similarities and differences. The initial increase in the amplitude of the δ 18 θ glacial cycles from about 3.0 to 2.6 Ma essentially is matched by the increase in terrigenous fluxes, as is the younger large increase in both cycle amplitude and flux between 1.1 and 0.9 Ma. One relative minimum in cycle amplitude at 1.1 Ma matches a flux minimum, but other minima at 1.85 Ma and 0.55 Ma correspond with rising or high terrigenous fluxes ( Fig. 10A  and B) .
It would seem that increases in the scale of glaciation, as recorded by the increases in the amplitude of the oxygen isotope curve, result in increases in the rate and volume of erosion in Alaska. The three relative flux maxima at 2.6, 1.5, and 0.6 Ma all immediately follow increases in the amplitude of glacial-interglacial cycles. Furthermore, fluxes do not remain high if or when cycle amplitude remains high (compare the two plots for the 1.6-1.3 Ma interval and the 0.6-0 Ma interval). This implies that there is a decreasing return on the glacial erosion investment, so that for every successive advance of a given magnitude down a glaciated valley there is less material eroded than during the previous advance. Readily erodible material is removed and only the more resistant bedrock remains, covered perhaps with a thin veneer of regressional moraine. Only when the size (or duration) of the glaciers increases does the erosive ability of the glaciers increase again.
SUMMARY
Biogenic sediment fluxes in the Gulf of Alaska record both global and regional paleoceanographic events. The worldwide productivity maximum that occurred in the latest Miocene through early to middle Pliocene is seen as a two-to threefold increase in the MAR of opal. A younger Pleistocene maximum in opal flux is confined to the Gulf of Alaska and may reflect an increase in the amount of upwelling associated with the Alaska Gyre. Calcium carbonate occurs occasionally in the sedimentary section with lesser peaks occurring at about 14, 10, and 8 Ma. The major episode of calcite deposition coincides in time with the mid-Pliocene warm interval and may reflect changing Oceanographic conditions.
Terrigenous fluxes provide a record dominated by continental uplift and glacial erosion. The Gulf of Alaska record at Site 887 allows us to estimate the time of Coast Range uplift and the beginning of the deposition of the Surveyor Fan at 9.7 Ma, the possible initiation of Alpine glaciation and beginning of deposition of the Baranoff Fan at 5.7 Ma, and the first IRD evidence of these glaciers reaching sea level at 4.2 Ma. Deposition associated with the Pliocene-Pleistocene Northern Hemisphere glaciation has its earliest stages beginning about 2.9 Ma and reaches relative maxima at 2.6, 1.5, and 0.6 Ma. These terrigenous flux peaks occur in association with increases in both the IRD flux and the amplitude of glacial/interglacial cycles as seen in the benthic δ 18 θ record of continental ice volume.
